US 20180120931A1

a9y United States

a2y Patent Application Publication (o) Pub. No.: US 2018/0120931 A1

Shpunt et al. 43) Pub. Date: May 3, 2018
(54) SCANNING DEPTH ENGINE GOIS 7/486 (2006.01)
GO1S 17/89 (2006.01)
(71) Applicant: APPLE INC., Cupertino, CA (US) GO1S 17/42 (2006.01)
(52) US. CL
(72) Inventors: Alexander Shpunt, Portola Valley, CA CPC oo, GOGF 3/011 (2013.01); GOLS 7/4817
(US); Raviv Erlich, Kibbutz Beit Nir (2013.01); GOLS 7/4868 (2013.01); GOLS
U 7/4865 (2013.01); GOLS 17/42 (2013.01);
(21)  Appl. No.: 15/844,651 GOIS 17/89 (2013.01)
(22) Filed: Dec. 18, 2017
. 57 ABSTRACT
Related U.S. Application Data
(63) Continuation of application No. 15/473,653, filed on . . . L
Mar. 30. 2017. now Pat. No. 9.898.074. which is a Mapping apparatus includes a transmitter, which is config-
cont.inue;tion 0}« applicati.on No. ’13 /7,66 éOl filed on ured to emit at least one beam including a sequence of pulses
Feb. 14. 2013. now Pat. No. 9.651 417’ ’ of light toward a plurality of points in a scene. A receiver is
’ o ’ ’ o T configured to receive the light reflected from the scene and
(60) Provisional application No. 61/598,921, filed on Feb. to generate an output indicative of a time of flight of the
15, 2012. pulses to and from the points in the scene. A processor is
A . . coupled to process the output of the receiver so as to
Publication Classification generate a 3D map of the scene, while controlling a power
(51) Int. CL level of the pulses emitted by the transmitter responsively to
GO6F 3/01 (2006.01) a level of the output from the receiver in response to one or
GO1S 7/481 (2006.01) more previous pulses.
32
H ' 1
34~ ‘ :
20\ : 28 E '
: ! J
| Y= : :
PN q :
) »
) ]
..... se== E l“.‘
'
30~ : / :
! \
: Y 5
38 : % 5
—ved I
"-..53_..‘-. U / : Z Y
.., : j ‘
R [}
o, [J
]
, 1N X
U o —_—




Patent Application Publication @ May 3, 2018 Sheet 1 of 14 US 2018/0120931 A1

“eee
f pecncaa ..-.--.---.:‘o ................ beae
: g, —
O o I
CO\/-‘: g : ...'\
A ] ..-. N
T v . N
[] -,
oL Qs ; Ny
’ ' ..‘0
terreees - .j NN
2 '
\ L
[e0] ]
N '
'
'
) '
o ‘
'
\ Lecgecsccccocs : N 8 vy ee | ©
g N N —
< I
(sp]
] |
o 4
V7
£

20\
30~
FIG. 1



Patent Application Publication

May 3, 2018 Sheet 2 of 14

US 2018/0120931 A1l

22
e 40
¢ 38
OPTICAL HEAD >
TRANSMITTER [\44
46
(T) >
> SCANNING |+~
RECEIVER | MIRROR
(Rx) ~_48 A
DRIVERS
53 asIC
COMMANDS POSITIONAL
SENSORS
\ 4 5\5
( A 4
oD LASER RECEIVER MEMS
CONTROL CONTROL CONTROL
{56 % >
54 52
POWER DEPTH PROCESSOR USB
% % 2
MAIN ASIC 97 50 58
%
42

FIG. 2




ent Application Publication

™
O
LL

40



Patent Application Publication @ May 3, 2018 Sheet 4 of 14 US 2018/0120931 A1

FIG. 4



Patent Application Publication

May 3, 2018 Sheet 5 of 14

US 2018/0120931 A1l

TO/FROM SCANNING MIRROR

110
HELP)
100
134 ' )
106 114 116
C_ US| S < 10
R —] DI WD mo|

SILICON OPTICAL BENCH

FIG. 6A



Patent Application Publication

106
2

TO/FROM SCANNING MIRROR

119

May 3, 2018 Sheet 6 of 14

)
L)
L)
L)
L)
L)
L)
L)
L)
L)
L)
<
L)
.
.
.
.
.

104
2

L

’ 118

’
.
’
’

DRIVER

ASER
DIE

S 114

~~~~ ' ADOIE

116
2

US 2018/0120931 A1l

TIA

117

SILICON OPTICAL BENCH

FIG. 6B



Patent Application Publication

May 3, 2018 Sheet 7 of 14

TO/FROM SCANNING MIRROR

110
: 2 :
06 104 Ny i i F
2 8 \\‘ ____‘:',..--r" : ,",.
ORIVER ] LASER DIE .-;EEEEEEEEEE‘E‘.};::‘*‘
24 6
122~ —’ §114 l
APD DIE TIA

SILICON OPTICAL BENCH

FIG. 7

US 2018/0120931 A1l

~~120



May 3,2018 Sheet 8 of 14 US 2018/0120931 A1l

Patent Application Publication

d8 9old Qb oy

T6W,

3_\ /€1

~-8€1| ~_8C1

) 4% ovl

om_\\ vk v/om_\

1245

~cvl

k44

HOHYIN ONINNVYOS WOH4/01



Patent Application Publication

May 3,2018 Sheet 9 of 14 US 2018/0120931 A1l

160
N 166
164
1Q4}\ 162
_(_./T\“136I_II_I
—>
FIG. 10A 5
102
160
166
p e
102 164
114 2
= 10—
/ bheto2

104

FIG. 10B



Patent Application Publication @ May 3, 2018 Sheet 10 of 14  US 2018/0120931 A1

170\
175~
1781180 176
—
172
FIG. 11A
172
v
180
178~ 6
1789 176
___L(_ ........ }"\Q,176_ .............
1787 176
178’\{ 5

FIG. 11B



Patent Application Publication = May 3, 2018 Sheet 11 of 14  US 2018/0120931 A1

172 ) ) 2
D B 4 T G g

................
...................

{ 04 0 4@ o 176

eme? Saue’ Snae’ Sean’
PEEDMLLST T I LA DML I TS T TN .
4 B o 4 o 7
¢ Ne MY N Ne {\/1 6
H " 1 [H [H 1
1 'I 'I 1] N
L) L} .
TR R R SN 2 S i ’
Od Sy S et Sy e b
4 / / h
1 L] . 1]
1] . + l
1 b b 1s 1
LY LAY LKY LY '
. LN LY LY ’

..............
....................

{OY @Y e Y ~_ 180

FIG. 11C A

183

184

178\ "] 76

_— 176

178’\,[
—_ ) _ = \4[ Q;}’\A?ﬁ— .............

178
M\ ~176
178
i 176

185

FIG. 11D



Patent Application Publication

May 3, 2018

Sheet 12 of 14

US 2018/0120931 A1l

186

1757

FIG. 12A

188
'

178

178

178

-------
Ot - -

’
, -
...........
''''''

1y - -
---------------
~~~~~

-------

''''''

.
........
-----

______

------

‘b

- -’
e o=
- .

o
»

.........
- - .

» ‘Q
-------
.......

» -~ .,

)
-

----------------
Y

......

FIG. 12B

1 176

—176
~—176

—~—180

FIG. 12C



Patent Application Publication @ May 3, 2018 Sheet 13 of 14  US 2018/0120931 A1

196 /190
175
%
192 FIG. 13
192 210

175

FIG. 14



Patent Application Publication

May 3,2018 Sheet 14 of 14  US 2018/0120931 A1

220
/

224

FIG. 15



US 2018/0120931 Al

SCANNING DEPTH ENGINE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a continuation of U.S. patent
application Ser. No. 15/473,653, filed Mar. 30, 2017, which
is a continuation of U.S. patent application Ser. No. 13/766,
801, filed Feb. 14, 2013 (now U.S. Pat. No. 9,651,417),
which claims the benefit of U.S. Provisional Patent Appli-
cation 61/598,921, filed Feb. 15, 2012, which is incorpo-
rated herein by reference. This application is related to U.S.
patent application Ser. No. 13/766,811, filed Feb. 14, 2013,
entitled “Integrated Optoelectronic Modules” (now U.S. Pat.
No. 9,157,790).

FIELD OF THE INVENTION

[0002] The present invention relates generally to methods
and devices for projection and capture of optical radiation,
and particularly to optical 3D mapping.

BACKGROUND

[0003] Various methods are known in the art for optical
3D mapping, i.e., generating a 3D profile of the surface of
an object by processing an optical image of the object. This
sort of 3D profile is also referred to as a 3D map, depth map
or depth image, and 3D mapping is also referred to as depth
mapping.

[0004] U.S. Patent Application Publication 2011/0279648
describes a method for constructing a 3D representation of
a subject, which comprises capturing, with a camera, a 2D
image of the subject. The method further comprises scan-
ning a modulated illumination beam over the subject to
illuminate, one at a time, a plurality of target regions of the
subject, and measuring a modulation aspect of light from the
illumination beam reflected from each of the target regions.
A moving-mirror beam scanner is used to scan the illumi-
nation beam, and a photodetector is used to measure the
modulation aspect. The method further comprises comput-
ing a depth aspect based on the modulation aspect measured
for each of the target regions, and associating the depth
aspect with a corresponding pixel of the 2D image.

[0005] U.S. Pat. No. 8,018,579 describes a three-dimen-
sional imaging and display system in which user input is
optically detected in an imaging volume by measuring the
path length of an amplitude modulated scanning beam as a
function of the phase shift thereof. Visual image user feed-
back concerning the detected user input is presented.
[0006] U.S. Pat. No. 7,952,781, whose disclosure is incor-
porated herein by reference, describes a method of scanning
a light beam and a method of manufacturing a microelec-
tromechanical system (MEMS), which can be incorporated
in a scanning device.

[0007] U.S. Patent Application Publication 2012/0236379
describes a LADAR system that uses MEMS scanning. A
scanning mirror includes a substrate that is patterned to
include a mirror area, a frame around the mirror area, and a
base around the frame. A set of actuators operate to rotate the
mirror area about a first axis relative to the frame, and a
second set of actuators rotate the frame about a second axis
relative to the base. The scanning mirror can be fabricated
using semiconductor processing techniques. Drivers for the
scanning mirror may employ feedback loops that operate the
mirror for triangular motions. Some embodiments of the
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scanning mirror can be used in a LADAR system for a
Natural User Interface of a computing system.

[0008] The “MiniFaros” consortium, coordinated by
SICK AG (Hamburg, Germany) has supported work on a
new laser scanner for automotive applications. Further
details are available on the minifaros.eu Web site.

SUMMARY

[0009] Embodiments of the present invention that are
described hereinbelow provide improved apparatus and
methods for depth mapping using a scanning beam.

[0010] There is therefore provided, in accordance with an
embodiment of the present invention, mapping apparatus,
including a transmitter, which is configured to emit a beam
including pulses of light, and a scanner, which is configured
to scan the beam, within a predefined scan range, over a
scene. A receiver is configured to receive the light reflected
from the scene and to generate an output indicative of a time
of flight of the pulses to and from points in the scene. A
processor is coupled to control the scanner so as to cause the
beam to scan over a selected window within the scan range
and to process the output of the receiver so as to generate a
3D map of a part of the scene that is within the selected
window.

[0011] In some embodiments, the processor is configured
to select a different window to scan in each scan of the beam.
The processor may be configured to process the output of the
receiver during a first scan, which may cover the entire scan
range of the scanner, so as to generate a first 3D map of the
scene, and to select the window to scan preferentially during
a second scan responsively to a feature of the first 3D map.
[0012] The processor may be configured to identify an
object in the first 3D map, and to define the window so as
to contain the identified object. In a disclosed embodiment,
the object includes at least a part of a body of a user of the
apparatus, and the processor is configured to identify the part
of the body responsively to a gesture made by the user
during the first scan.

[0013] In one embodiment, the processor is configured to
drive the scanner to scan the selected window with a
resolution that is enhanced relative to the first scan. Alter-
natively or additionally, the processor is configured to drive
the scanner to scan the second window at a frame rate that
is higher than during the first scan. For at least some scans,
the selected window need not be centered within the pre-
defined scan range.

[0014] In some embodiments, the scanner includes a
micromirror produced using micro-electro-mechanical sys-
tems (MEMS) technology, and the transmitter is configured
to direct the beam to reflect from the micromirror toward the
scene. The micromirror may be configured to rotate about
two axes, wherein the processor is coupled to control a range
of rotation of the micromirror about at least one of the axes
in order to define the window.

[0015] Additionally or alternatively, the processor may be
coupled to vary a speed of rotation of the micromirror about
at least one of the axes in order to define the window. In one
such embodiment, a range of the rotation of the micromirror
is the same in both the first and second scans, and the
processor is coupled to vary the speed of the rotation about
the at least one of the axes during the second scan so that the
speed of scanning of the micromirror over the selected
window is slower than over other parts of the range.
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[0016] In some embodiments, the scanner includes a sub-
strate, which is etched to define the micromirror and a
support, along with first spindles connecting the micromirror
to the support along a first axis and second spindles con-
necting the support to the substrate along a second axis. An
electromagnetic drive causes the micromirror and the sup-
port to rotate about the first and second spindles. The
electromagnetic drive may include a stator assembly, includ-
ing at least one magnetic core having an air gap and at least
one coil wound on the magnetic core, and at least one rotor,
on which the micromirror and the support are mounted and
which is suspended in the air gap so as to move within the
air gap in response to a current driven through the at least
one coil. In a disclosed embodiment, the at least one
magnetic core and the at least one rotor include two cores
and two rotors suspended in respective air gaps of the cores,
and the electromagnetic drive is configured to drive coils on
the two cores with differential currents so as to cause the
micromirror and the support to rotate at different, respective
speeds so that the micromirror scans in a raster pattern.
[0017] In some embodiments, the electromagnetic drive
causes the micromirror to rotate about the first spindles at a
first frequency, which is a resonant frequency of rotation,
while causing the support to rotate about the second spindles
at a second frequency, which is lower than the first fre-
quency and may not be a resonant frequency. In a disclosed
embodiment, the support includes a first support, which is
connected by the first spindles to the micromirror, a second
support, which is connected by the second spindles to the
substrate, and third spindles, connecting the first support to
the second support, wherein the electromagnetic drive is
configured to cause the first support to rotate relative to the
second support about the third spindles.

[0018] Typically, the receiver includes a detector, which is
configured to receive the reflected light from the scene via
the micromirror. In a disclosed embodiment, the apparatus
includes a beamsplitter, which is positioned so as to direct
the beam emitted by the transmitter toward the micromirror,
while permitting the reflected light to reach the detector,
wherein the emitted beam and the reflected light have
respective optical axes, which are parallel between the
beamsplitter and the micromirror. The beamsplitter may be
patterned with a polarizing reflective coating over only a
part of a surface of the beamsplitter, and may be positioned
so that the patterned part of the surface intercepts the beam
from the transmitter and reflects the beam toward the
micromirror. Optionally, the beamsplitter may include a
bandpass coating on a reverse side of the beamsplitter,
configured to prevent light outside an emission band of the
transmitter from reaching the receiver. The transmitter and
the receiver may be mounted together on the micro-optical
substrate in a single integrated package.

[0019] In a disclosed embodiment, the processor is con-
figured to variably control a power level of the pulses
emitted by the transmitter responsively to a level of the
output from the receiver in response to one or more previous
pulses.

[0020] There is additionally provided, in accordance with
an embodiment of the present invention, a method for
mapping, which includes operating a scanner so as to scan
a beam including pulses of light, within a predefined scan
range, over a scene. The light reflected from the scene is
received, and an output is generated indicative of a time of
flight of the pulses to and from points in the scene. The
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scanner is controlled, during operation of the scanner, so as
to cause the beam to scan preferentially over a selected
window within the scan range. The output of the receiver is
processed so as to generate a 3D map of a part of the scene
that is within the selected window.

[0021] There is furthermore provided, in accordance with
an embodiment of the present invention, mapping apparatus,
which includes a transmitter, which is configured to emit a
beam including pulses of light, and a scanner, which is
configured to scan the beam over a scene. A receiver is
configured to receive the light reflected from the scene and
to generate an output indicative of a time of flight of the
pulses to and from points in the scene. A processor is
coupled to process the output of the receiver during a first
scan of the beam so as to generate a 3D map of the scene,
while controlling a power level of the pulses emitted by the
transmitter responsively to a level of the output from the
receiver in response to one or more previous pulses.
[0022] Typically, the processor is configured to control the
power level of the pulses so as to reduce variations in an
intensity of the reflected light that is received from different
parts of the scene. The one or more previous pulses may
include scout pulses emitted by the transmitter in order to
assess and adjust the power level.

[0023] The present invention will be more fully under-
stood from the following detailed description of the embodi-
ments thereof, taken together with the drawings in which:

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIG. 1 is a schematic, pictorial illustration of a
depth mapping system, in accordance with an embodiment
of the present invention;

[0025] FIG. 2 is a block diagram that schematically shows
functional components of a depth engine, in accordance with
an embodiment of the present invention;

[0026] FIG. 3 is a schematic, pictorial illustration of an
optical scanning head, in accordance with an embodiment of
the present invention;

[0027] FIG. 4 is a schematic, pictorial illustration of a
MEMS scanner, in accordance with an embodiment of the
present invention;

[0028] FIG. 5 is a schematic, pictorial illustration of a
micromirror unit, in accordance with another embodiment of
the present invention;

[0029] FIGS. 6A and 6B are schematic side view of
optoelectronic modules, in accordance with embodiments of
the present invention;

[0030] FIG. 7 is a schematic side view of an optoelectronic
module, in accordance with another embodiment of the
present invention;

[0031] FIGS. 8A and 8B are schematic side views of an
optoelectronic module, in accordance with yet another
embodiment of the present invention;

[0032] FIG. 9 is a schematic side view of a beam com-
biner, in accordance with an embodiment of the present
invention;

[0033] FIGS. 10A and 10B are schematic side views of an
optoelectronic module, in accordance with still another
embodiment of the present invention;

[0034] FIG. 11A is a schematic side view of a beam
transmitter, in accordance with an embodiment of the pres-
ent invention;
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[0035] FIGS. 11B and 11C are schematic side and rear
views, respectively, of a beam generator, in accordance with
an embodiment of the present invention;

[0036] FIG. 11D is a schematic side view of a beam
generator, in accordance with an alternative embodiment of
the present invention;

[0037] FIG. 12A is a schematic side view of a beam
transmitter, in accordance with another embodiment of the
present invention;

[0038] FIGS. 12B and 12C are schematic side and rear
views, respectively, of a beam generator, in accordance with
another embodiment of the present invention; and

[0039] FIGS. 13-15 are schematic side views of optoelec-
tronic modules, in accordance with further embodiments of
the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

Overview

[0040] PCT International Publication WO 2012/020380,
which is assigned to the assignee of the present patent
application and whose disclosure is incorporated herein by
reference, describes apparatus for mapping, which includes
an illumination module. This module includes a radiation
source, which is configured to emit a beam of radiation, and
a scanner, which is configured to receive and scan the beam
over a selected angular range. [llumination optics project the
scanned beam so as to create a pattern of spots extending
over a region of interest. An imaging module captures an
image of the pattern that is projected onto an object in the
region of interest. A processor processes the image in order
to construct a three-dimensional (3D) map of the object.
[0041] In contrast to such image-based mapping systems,
some embodiments of the present invention that are
described hereinbelow provide depth engines that generate
3D mapping data by measuring the time of flight of a
scanning beam. A light transmitter, such as a laser, directs
short pulses of light toward a scanning mirror, which scans
the light beam over a scene of interest within a certain scan
range. A receiver, such as a sensitive, high-speed photodiode
(for example, an avalanche photodiode) receives light
returned from the scene via the same scanning mirror.
Processing circuitry measures the time delay between the
transmitted and received light pulses at each point in the
scan. This delay is indicative of the distance traveled by the
light beam, and hence of the depth of the object at the point.
The processing circuitry uses the depth data thus extracted
in producing a 3D map of the scene.

[0042] Systems based on this sort of depth engine are able
to provide dynamic, interactive zooming functionality. The
scanner can be controlled so as to cause the beam to scan
over a selected window within the scan range and thus
generate a 3D map of a part of the scene that is within the
selected window. A different window may be selected in
each scan of the beam. For example, after first scanning over
a wide angular range and creating a wide-angle, low-
resolution 3D map of the scene of interest (possibly scan-
ning the entire range), the depth engine may be controlled to
zoom in on particular windows or objects that have been
identified within the scene. Zooming in this manner enables
the depth engine to provide data within the selected window
at higher resolution or, alternatively or additionally, to
increase the frame rate at which it scans.
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System Description

[0043] FIG. 1 is a schematic, pictorial illustration of a
depth mapping system 20, in accordance with an embodi-
ment of the present invention. The system is based on a
scanning depth engine 22, which captures 3D scene infor-
mation in a volume of interest (VOI) 30 that includes one or
more objects. In this example, the objects comprise at least
parts of the bodies of users 28. Engine 22 outputs a sequence
of frames containing depth data to a computer 24, which
processes and extracts high-level information from the map
data. This high-level information may be provided, for
example, to an application running on computer 24, which
drives a display screen 26 accordingly.

[0044] Computer 24 processes data generated by engine
22 in order to reconstruct a depth map of VOI 30 containing
users 28. In one embodiment, engine 22 emits pulses of light
while scanning over the scene and measures the relative
delay of the pulses reflected back from the scene. A proces-
sor in engine 22 or in computer 24 then computes the 3D
coordinates of points in the scene (including points on the
surface of the users’ bodies) based on the time of flight of the
light pulses at each measured point (X,Y) in the scene. This
approach is advantageous in that it does not require the users
to hold or wear any sort of beacon, sensor, or other marker.
It gives the depth (Z) coordinates of points in the scene
relative to the location of engine 22 and permits dynamic
zooming and shift of the region that is scanned within the
scene. Implementation and operation of the depth engine are
described in greater detail hereinbelow.

[0045] Although computer 24 is shown in FIG. 1, by way
of example, as a separate unit from depth engine 22, some
or all of the processing functions of the computer may be
performed by a suitable microprocessor and software or by
dedicated circuitry within the housing of the depth engine or
otherwise associated with the depth engine. As another
alternative, at least some of these processing functions may
be carried out by a suitable processor that is integrated with
display screen 26 (in a television set, for example) or with
any other suitable sort of computerized device, such as a
game console or media player. The sensing functions of
engine 22 may likewise be integrated into computer 24 or
other computerized apparatus that is to be controlled by the
depth output.

[0046] For simplicity and clarity in the description that
follows, a set of Cartesian axes is marked in FIG. 1. The
Z-axis is taken to be parallel to the optical axis of depth
engine 22. The frontal plane of the depth engine is taken to
be the X-Y plane, with the X-axis as the horizontal. These
axes, however, are defined solely for the sake of conve-
nience. Other geometrical configurations of the depth engine
and its volume of interest may alternatively be used and are
considered to be within the scope of the present invention.
[0047] FIG. 1 illustrates the zoom capabilities of depth
engine 22. Initially, a beam 38 emitted by engine 22 scans
the entire VOI 30 and generates a low-resolution depth map
of the entire scene. The scan range may be large, as shown
in the figure, for example 120° (X)x80° (Y). (References to
the “scan range” in the present description mean the full
range over which the mapping system is intended to operate,
which may be smaller than the total range over which the
scanner in depth engine 22 is physically capable of scan-
ning.) Computer 24 identifies users 28 and instructs engine
22 to narrow its scan range to a window 32 containing the
users, and thus generate a higher-resolution depth map of the
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objects in the window. Optionally, computer 24 may instruct
engine 22 to zoom in still farther on specific parts or features
of'the users’ faces and bodies, as exemplified by windows 34
and 36. The instructions and their execution by engine 22
may be dynamic, i.e., computer 24 may instruct engine 22 to
modify the scan window during operation of the scanner.
Thus, for example, the locations of the windows may change
from frame to frame in response to movement of the users
or other changes in the scene or application requirements. As
shown in the figure, the windows need not be centered
within the scan range and can be located practically any-
where within the range.

[0048] These dynamic zoom functions are implemented
by controlling the scan range of engine 22. Typically, engine
22 scans VOI 30 in a raster pattern. For example, to generate
window 32, the X-range of the raster scan is reduced, while
the Y-range remains unchanged. This sort of windowing can
be conveniently accomplished when the depth engine scans
rapidly in the Y-direction, in a resonant scan with a fixed
amplitude and frequency (such as 5-10 kHz), while scanning
more slowly in the X-direction at the desired frame rate
(such as 30 Hz). The X-direction scan is not a resonant
frequency of rotation. Thus, the speed of the X-direction
scan can be varied over the scan range so that each frame
contains multiple vertical windows, such as scanning a
respective window over each of users 28 while skipping
over the space between them. As another alternative, the
Y-range of the scan may be reduced, thus reducing the
overall vertical field of view.

[0049] Additionally or alternatively, the Y-range of the
scan may be controlled, as well, thus giving scan windows
34 and 36 with different ranges in both X and Y. Further-
more, the Y- and/or X-range and X-offset of the scan may be
modulated during each frame, so that non-rectangular win-
dows may be scanned.

[0050] Computer 24 may instruct depth engine 22 to
change the zoom (i.e., to change the sizes and/or locations
of'the zoom windows) via a command interface provided by
the depth engine. The computer may run an application
program interface (API) and/or suitable middleware so that
application programs running on the computer can invoke
the command interface.

[0051] Various zoom control models can be implemented
by the computer or, alternatively or additionally, by embed-
ded software in depth engine 22. As noted earlier, the
computer or depth engine may change the zoom on the fly
based on analysis of the depth map. Initially, the depth
engine and computer may operate in a wide-angle, low-
resolution search mode, and may then zoom into a higher-
resolution tracking mode when a user is identified in the
scene. For example, when a user enters the scene, the
computer may detect the presence and location of the user
and instruct the depth engine to zoom in on his location.
When the user then makes a certain gesture, the computer
may detect the gesture and instruct the depth engine to zoom
in further on the user’s hand.

[0052] Scanning mirror designs and other details of the
depth engine that support the above sorts of schemes are
described with reference to the figures that follow.

[0053] FIG. 2 is a block diagram that schematically shows
functional components of depth engine 22, in accordance
with an embodiment of the present invention. Engine 22
comprises an optical head 40 and a controller 42 (also
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referred to as a processor), which may be implemented as an
application-specific integrated circuit (ASIC), as indicated
in the figure.

[0054] Optical head 40 comprises a transmitter 44, such as
a laser diode, whose output is collimated by a suitable lens.
Transmitter 44 outputs a beam of light, which may comprise
visible, infrared, and/or ultraviolet radiation (all of which are
referred to as “light” in the context of the present description
and in the claims). A laser driver, which may similarly be
implemented in an ASIC 53, modulates the laser output, so
that it emits short pulses, typically with sub-nanosecond rise
time. The laser beam is directed toward a scanning micro-
mirror 46, which may be produced and driven using MEMS
technology, as described below. The micromirror scans
beam 38 over the scene, typically via projection/collection
optics, such as a suitable lens (shown in the figures below).
[0055] Pulses of light reflected back from the scene are
collected by the optics and reflect from scanning mirror onto
a receiver 48. (Alternatively, in place of a single mirror
shared by the transmitter and the receiver, a pair of syn-
chronized mirrors may be used, one for the transmitter and
the other for the receiver, while still supporting the interac-
tive zooming capabilities of engine 22.) The receiver typi-
cally comprises a sensitive, high-speed photodetector, such
as an avalanche photodiode (APD), along with a sensitive
amplifier, such as a transimpedance amplifier (TIA), which
amplifies the electrical pulses output by the photodetector.
These pulses are indicative of the times of flight of the
corresponding pulses of light.

[0056] The pulses that are output by receiver 48 are
processed by controller 42 in order to extract depth (Z)
values as a function of scan location (X,Y). For this purpose,
the pulses may be digitized by a high-speed analog/digital
converter (A2D) 56, and the resulting digital values may be
processed by depth processing logic 50. The corresponding
depth values may be output to computer 24 via a USB port
58 or other suitable interface.

[0057] In some cases, particularly near the edges of
objects in the scene, a given projected light pulse may result
in two reflected light pulses that are detected by receiver
48—a first pulse reflected from the object itself in the
foreground, followed by a second pulse reflected from the
background behind the object. Logic 50 may be configured
to process both pulses, giving two depth values (foreground
and background) at the corresponding pixel. These dual
values may be used by computer 24 in generating a more
accurate depth map of the scene.

[0058] Controller 42 also comprises a power converter 57,
to provide electrical power to the components of engine 22,
and controls the transmit, receive, and scanning functions of
optical head 40. For example, a MEMS control circuit 52 in
controller 42 may direct commands to the optical head to
modify the scanning ranges of mirror 46, as explained
above. Position sensors associated with the scanning mirror,
such as suitable inductive or capacitive sensors (not shown),
may provide position feedback to the MEMS control func-
tion. A laser control circuit 54 and a receiver control circuit
55 likewise control aspects of the operation of transmitter 44
and receiver 48, such as amplitude, gain, offset, and bias.
[0059] The laser driver in ASIC 53 and/or laser control
circuit 54 may control the output power of transmitter 44
adaptively, in order to equalize the level of optical power of
the pulses that are incident on receiver 48. This adaptation
compensates for variations in the intensity of the reflected
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pulses that occurs due to variations in the distance and
reflectivity of objects in different parts of the scene from
which the light pulses are reflected. It is thus useful in
improving signal/noise ratio while avoiding detector satu-
ration. For example, the power of each transmitted pulse
may be adjusted based on the level of the output from
receiver in response to one or more previous pulses, such as
the preceding pulse or pulses emitted by the transmitter in
the present scan, and/or the pulse at this X,Y position of
mirror 46 in the preceding scan. Optionally, the elements of
optical head 40 may be configured to transmit and receive
“scout pulses,” at full or partial power, for the purpose of
assessing returned power or object distance, and may then
adjust the output of transmitter 44 accordingly.

Optical Scanning Head

[0060] FIG. 3 is a schematic, pictorial illustration showing
elements of optical head 40, in accordance with an embodi-
ment of the present invention. Transmitter 44 emits pulses of
light toward a polarizing beamsplitter 60. Typically, only a
small area of the beamsplitter, directly in the light path of
transmitter 60, is coated for reflection, while the remainder
of the beamsplitter is fully transparent (or even anti-reflec-
tion coated) to permit returned light to pass through to
receiver 48. The light from transmitter 44 reflects off beam-
splitter and is then directed by a folding mirror 62 toward
scanning micromirror 46. A MEMS scanner 64 scans micro-
mirror 46 in X- and Y-directions with the desired scan
frequency and amplitude. Details of the micromirror and
scanner are shown in the figures that follow.

[0061] Light pulses returned from the scene strike micro-
mirror 46, which reflects the light via turning mirror 62
through beamsplitter 60. Receiver 48 senses the returned
light pulses and generates corresponding electrical pulses.
To enhance sensitivity of detection, the overall area of
beamsplitter 60 and the aperture of receiver 48 are consid-
erably larger than the area of the transmitted beam, and the
beamsplitter is accordingly patterned, i.e., the reflective
coating extends over only the part of its surface on which the
transmitted beam is incident. The reverse side of the beam-
splitter may have a bandpass coating, to prevent light outside
the emission band of transmitter 44 from reaching the
receiver. It is also desirable that micromirror 46 be as large
as possible, within the inertial constraints imposed by the
scanner. For example, the area of the micromirror may be
about 10-15 mm?.

[0062] The specific mechanical and optical designs of the
optical head shown in FIG. 3 are described here by way of
example, and alternative designs implementing similar prin-
ciples are considered to be within the scope of the present
invention. Other examples of optoelectronic modules that
can be used in conjunction with a scanning micromirror are
described hereinbelow.

[0063] FIG. 4 is a schematic, pictorial illustration of
MEMS scanner 64, in accordance with an embodiment of
the present invention. This scanner is produced and operates
on principles similar to those described in the above-men-
tioned U.S. Pat. No. 7,952,781, but enables two-dimensional
scanning of a single micromirror 46. Dual-axis MEMS-
based scanners of this type are described further in U.S.
Provisional Patent Application 61/675,828, filed Jul. 26,
2012, which is incorporated herein by reference. Alternative
embodiments of the present invention, however, may use
scanners of other types that are known in the art, including

May 3, 2018

designs that use two single-axis scanners (such as those
described in U.S. Pat. No. 7,952,781, for example).

[0064] Micromirror 46 is produced by suitably etching a
semiconductor substrate 68 to separate the micromirror from
a support 72, and to separate the support from the remaining
substrate 68. After etching, micromirror 46 (to which a
suitable reflective coating is applied) is able to rotate in the
Y-direction relative to support 72 on spindles 70, while
support 72 rotates in the X-direction relative to substrate 68
on spindles 74.

[0065] Micromirror 46 and support 72 are mounted on a
pair of rotors 76, which comprise permanent magnets. (Only
one of the rotors is visible in the figure.) Rotors 76 are
suspended in respective air gaps of magnetic cores 78. Cores
78 are wound with respective coils 80 of conductive wire,
thus creating an electromagnetic stator assembly. (Although
a single coil per core is shown in FIG. 4 for the sake of
simplicity, two or more coils may alternatively be wound on
each core; and different core shapes may also be used.)
Driving an electrical current through coils 80 generates a
magnetic field in the air gaps, which interacts with the
magnetization of rotors 76 so as to cause the rotors to rotate
or otherwise move within the air gaps.

[0066] Specifically, coils 80 may be driven with high-
frequency differential currents so as to cause micromirror 46
to rotate resonantly back and forth about spindles 70 at high
speed (typically in the range of 5-10 kHz, as noted above,
although higher or lower frequencies may also be used).
This resonant rotation generates the high-speed Y-direction
raster scan of the output beam from engine 22. At the same
time, coils 80 are driven together at lower frequency to drive
the X-direction scan by rotation of support 72 about spindles
74 through the desired scan range. The X- and Y-rotations
together generate the overall raster scan pattern of micro-
mirror 46.

[0067] FIG. 5 is a schematic, pictorial illustration of a
micromirror unit 82, in accordance with another embodi-
ment of the present invention. Assembly 82 may be pro-
duced and operated using MEMS technology in a manner
similar to that described above with reference to scanner 64.
In this embodiment, micromirror 46 is connected by
spindles 84 to a Y-support 86, which is connected by
spindles 88 to an X-support 90. The X-support is connected
by spindles 92 to a substrate (not shown in this figure).
Micromirror 46 rotates resonantly back and forth at high
frequency on spindles 84, thus generating the high-speed
Y-direction scan described above. Y- and X-supports 86 and
90 rotate at lower speed, with variable amplitude and offset,
to define the X-Y windows over which assembly 82 will
scan. This arrangement may be used conveniently, for
example, to generate a scan over windows 34 and 36, as
shown in FIG. 1.

[0068] The particular MEMS-based scanners shown in
FIGS. 4 and 5 are described here by way of example. In
alternative embodiments, other types of MEMS scanners
may be used in depth engine 22, as well as suitable scanners
based on other scanning technologies. All such implemen-
tations are considered to be within the scope of the present
invention.

[0069] Various scan modes can be enabled by applying
appropriate drive signals to the sorts of micromirror-based
scanners that are described above. The possibility of zoom-
ing in on particular windows was already mentioned above.
As noted earlier, even when the entire field of view is
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scanned, the X-direction scan rate may be varied over the
course of the scan to give higher resolution within one or
more regions, by scanning the micromirror relatively slowly
over these regions, while scanning the remainder of the
scene at a faster rate. These high-resolution scans of par-
ticular regions can be interlaced, frame by frame, with
low-resolution scans over the entire scene by maintaining a
fixed X-direction scan rate as the micromirror scans over the
scene in one direction (for example, scanning from left to
right) to give the low-resolution depth map, and varying the
X-direction scan rate between fast and slow while scanning
in the reverse direction (on the return scan from right to left)
to map the high-resolution window. Other sorts of variable,
interlaced scan patterns may similarly be implemented by
application of suitable drive signals.

Optoelectronic Modules

[0070] Assembly of optical head 40 from discrete optical
and mechanical components, as shown in FIG. 3, requires
precise alignment and can be costly. In alternative embodi-
ments, all parts requiring precise placement and alignment
(such as the light transmitter, receiver, and associated optics)
may be combined in a single integrated, modular package on
micro-optical substrate, such as a silicon optical bench
(SiOB) or other type of micro-optical bench based on a
semiconductor or ceramic substrate, such as alumina, alu-
minum nitride, or glass (Pyrex®). This approach can save
costs and may make the depth engine easier to handle.

[0071] FIG. 6A is a schematic side view of an optoelec-
tronic module 100 of this sort, in accordance with an
embodiment of the present invention. A laser die 104,
serving as the transmitter, and a driver chip 106 are placed
on a silicon optical bench (SiOB) 102. Laser die 104 in this
embodiment is an edge-emitting device, but in other
embodiments, surface-emitting devices may be used, as
described hereinbelow. The laser output beam from die 104
reflects from a turning mirror 108 and is collimated by a lens
110. A prism 112 may be placed in the laser beam in order
to align its beam axis with that of the receiver. Prism 112
may be made as a monolithic part of lens 110, and typically
covers a small fraction of the area of the lens (such as %10 of
the lens clear aperture).

[0072] The laser typically has significantly lower numeri-
cal aperture (NA) than lens 110. Therefore, the laser beam
at the lens will be much narrower than the return beam
captured by the lens. (Optionally, a ball lens may be placed
on SiOB 102 between laser die 104 and mirror 108, as
shown in FIG. 8A, for example, in order to reduce the
numerical aperture of the beam that is seen by lens 110.
Additionally or alternatively, an additional lens element may
be added to lens 110 to collimate the outgoing laser beam,
similar to the lens element shown in FIG. 6B.) The output
laser beam from module 100 strikes the scanning mirror,
which scans the beam over the scene of interest.

[0073] Light returned from the scene via the scanning
mirror is collected by lens 110, which focuses the light onto
an avalanche photodiode (APD) die 114 on bench 102. The
output of the APD is amplified by a transimpedance ampli-
fier (T1A) 116, as explained above. Alternatively, other sorts
of detectors and amplifiers may be used in module 100 (and
in the alternative module designs that are described below),
as long as they have sufficient sensitivity and speed for the
application at hand. Lens 110 may present different or
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similar collimation properties to laser and APD, since trans-
mission and reception use different portions of the lens.
[0074] Lens 110 may be produced by means of wafer-level
optics or molding of polymeric materials or glass, for
example. Such a lens may have “legs,” which create the side
walls of module 100, thus sealing the module. Assembly of
module 100 may be performed at wafer level, wherein a
wafer of SiOB with mounted dies is bonded to a wafer of
lenses, and then diced. Alternatively, a spacer wafer with
appropriately-formed cavities may be bonded to the SiOB
wafer, and the lens wafer bonded on top of it. Further
alternatively, the assembly may be carried out using singu-
lated silicon optical benches and lenses. In any case, the
entire module 100 will have the form of a hollow cube,
typically about 5-8 mm on a side. (Alternatively, the micro-
optical bench and the components thereon may be sealed
with a transparent cap, and lens 110 with other associate
optics may then be assembled as a precision add-on, in both
this embodiment and the other embodiments described
below).

[0075] FIG. 6B is a schematic side view of an optoelec-
tronic module 117, in accordance with another embodiment
of the present invention. Module 117 is similar to module
100, except that in module 117 a mirror 118 that reflects the
beam from laser die 104 is angled at approximately 45°, and
thus the laser beam is reflected along an axis parallel to the
optical axis of the received light (referred to herein as the
“collection axis”) that is defined by lens 110 and APD die
114. (The collection axis is a matter of design choice, and
can be slanted relative to the plane of APD die 114.) In this
configuration, prism 112 is not needed, but an additional lens
element 119 may be added, by molding element 119 together
with lens 110, for example, to collimate the outgoing laser
beam. As long as the projected beam from laser die 104 and
the collection axis of APD die 114 are parallel, the offset
between the axes in this embodiment has no substantial
effect on system performance.

[0076] The angles of mirrors 108 and 118 in the foregoing
figures are shown by way of example, and other angles, both
greater than and less than 45°, may alternatively be used. It
is generally desirable to shield APD die 114 from any stray
light, including back-reflected light from the beam emitted
by laser die 104. For this reason, the sharper reflection angle
of mirror 118 (by comparison with mirror 108 in the
embodiment of FIG. 6A) is advantageous. In an alternative
embodiment (not shown in the figures) even a sharper
reflection angle may be used, with suitable adaptation of the
corresponding projection optics for the laser beam. For
example, SiOB 102 or alternatively, a silicon spacer wafer
(not shown) placed on top of SiOB 102, may comprise a
(100) silicon crystal, and may be wet-etched along the (111)
plane and then coated with metal or with a dielectric stack
to form a mirror at an inclination of 54.74°. In this case, lens
110 may be slanted or otherwise configured to focus off-axis
onto APD die 114. Optionally, module 100 or 117 may also
include light baflling or other means (not shown) for shield-
ing the APD die from stray reflections of the laser beam.
Alternatively or additionally, for angles greater than 45°,
APD die 114 may be placed behind laser die 104, rather than
in front of it as shown in the figures.

[0077] FIG. 7 is a schematic side view of an optoelectronic
module 120, in accordance with still another embodiment of
the present invention. This module is similar to modules 100
and 117, except that the transmitter elements (laser die 104
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and driver 106) are placed on a pedestal 122, and a beam-
splitter 124 is mounted over SiOB 102 in order to align the
transmitted and received beams. Beamsplitter 124 may
comprise a small, suitably coated region on a transparent
plate 126, which is oriented diagonally in module 120. When
laser die 104 is configured to output a polarized beam,
beamsplitter 124 may be polarization dependent, so as to
reflect the polarization direction of the laser beam while
passing the orthogonal polarization, thereby enhancing the
optical efficiency of the module.

[0078] FIGS. 8A and 8B are schematic side views of an
optoelectronic module 130, in accordance with yet another
embodiment of the present invention. The view shown in
FIG. 8B is rotated by 90° relative to that in FIG. 8A, so that
items that are seen at the front of the view of FIG. 8A are on
the left side of FIG. 8B. This embodiment differs from the
preceding embodiments in that the transmitted and received
beams are separate within module 130 and are aligned at the
exit from the module by a beam combiner 142 mounted over
the substrate of the module.

[0079] The illumination beam emitted by laser die 104 is
collimated by a ball lens 134, which is positioned in a groove
135 formed in SiOB 102. Groove 135 may be produced in
silicon (and other semiconductor materials) with litho-
graphic precision by techniques that are known in the art,
such as wet etching. Alternatively or additionally, the ball
lens may be attached directly to SiOB by an accurate
pick-and-place machine, even without groove 135. A turning
mirror 136 reflects the collimated beam away from SiOB
102 and through a cover glass 137, which protects the
optoelectronic components in module 130. As ball lens 134
typically achieves only partial collimation, a beam expander
138 may be used to expand the laser beam, typically by a
factor of three to ten, and thus enhance its collimation.
Although beam expander 138 is shown here as a single-
element optical component, multi-element beam expanders
may alternatively be used. The design of module 130 is
advantageous in that it can be assembled accurately without
requiring active alignment, i.e., assembly and alignment can
be completed to within fine tolerance without actually
powering on laser die 104.

[0080] The collimated beam that is output by beam
expander 138 is turned by a reflector 144 in beam combiner
142, and is then turned back outward toward the scanning
mirror by a beamsplitter 146. Assuming laser die 104 to
output a polarized beam, beamsplitter 146 may advanta-
geously be polarization-dependent, as explained above with
reference to FIG. 7. The collected beam returned from the
scanning mirror passes through beamsplitter 146 and is then
focused onto APD 114 by a collection lens 140. The col-
lection lens may have an asymmetrical, elongated shape, as
shown in FIGS. 8A and 8B, in order to maximize light
collection efficiency within the geometrical constraints of
module 130.

[0081] Although beam combiner 142 is shown in FIG. 8B
as a single prismatic element, other implementations may
alternatively be used. For example, the beam combining
function may be performed by two separate angled plates: a
reflecting plate in place of reflector 144 and a beamsplitting
plate in place of beamsplitter 146.

[0082] FIG.9is a schematic side view of a beam combiner
150, which can be used in place of beam combiner 142 in
accordance with another embodiment of the present inven-
tion. Beam combiner 150 comprises a transparent substrate
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152, made of glass, for example, with a reflective coating
154, taking the place of reflector 144, and a beamsplitting
coating 156 (typically polarization-dependent), taking the
place of beamsplitter 146. An anti-reflection coating 158
may be applied to the remaining areas of the front and rear
surfaces of substrate 152, through which the projected and
collected beams enter and exit combiner 150. The design of
beam combiner 150 is advantageous in terms of simplicity
of manufacture and assembly.

[0083] FIGS. 10A and 10B are schematic side views of an
optoelectronic module 160, in accordance with a further
embodiment of the present invention. The two views are
rotated 90° relative to one another, such that elements at the
front of FIG. 10A are seen at the right side in FIG. 10B. The
principles of the design and operation of module 160 are
similar to those of module 130 (FIGS. 8A/B), except that no
ball lens is used for collimation in module 160. A collima-
tion lens 164 for the beam that is transmitted from laser die
104 and a collection lens 166 for the beam that is received
from the scanning mirror are mounted in this case directly on
a cover glass 162 of the module. The beam axes of the
transmitted and received beams are typically aligned by a
beam combiner (not shown in these figures), as in the
embodiment of FIGS. 8A/B.

[0084] If lenses 164 and 166 have tight manufacturing
tolerances, they can be assembled in place using machine
vision techniques to align their optical centers with the
appropriate axes of module 160, on top of cover glass 162.
Such miniature lenses, however, typically have large manu-
facturing tolerances, commonly on the order of 1-5%, par-
ticularly when the lenses are mass-produced in a wafer-scale
process. Such tolerance could, if not measured and
accounted for, result in poor collimation of the beam from
laser die 104.

[0085] To avoid this sort of situation, the actual effective
focal length (EFL) of collimation lens 164 can be measured
in advance. For example, when lenses 164 are fabricated in
a wafer-scale process, the EFL of each lens can be measured
precisely at the wafer level, before module 160 is assembled.
The distance of laser die 104 from turning mirror 136 on the
substrate in each module 160 can then be adjusted at the time
of fabrication, as illustrated by the horizontal arrow in FIG.
10A, to match the measured EFL of the corresponding lens
164. The laser die is then fixed (typically by glue or solder)
in the proper location. This adjustment of the location of the
laser die is well within the capabilities of existing pick-and-
place machines, which may similarly be used to center lens
164 accurately on cover glass 162 above turning mirror 136.
As aresult, the components of module can be assembled and
aligned without actually powering on and operating laser die
114, i.e., no “active alignment” is required.

[0086] A pick-and-place machine may similarly be used to
position collection lens 166. Because of the less stringent
geometrical constraints of the collected beam and the rela-
tively large size of APD 114, however, EFL variations of the
collection lens are less critical. Thus, as an alternative to
mounting collection lens 166 on cover glass 162 as shown
in FIGS. 10A and B, the collection lens may be assembled
onto module 160 after fabrication, together with the beam
combiner.

[0087] Alternatively, as noted earlier, modules based on
the principles of the embodiments described above may be
fabricated on other sorts of micro-optical substrates, such as
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ceramic or glass substrates. Ceramic materials may be
advantageous in terms of electrical performance.

[0088] In other alternative embodiments (not shown in the
figures), the transmitting and receiving portions of the
optoelectronic module may be mounted separately on two
different micro-optical benches. This approach may be
advantageous since the requirements for the receiver are
high bandwidth, low loss for high-frequency signals, and
low price, while for the transmitter the main requirement are
thermal conductivity, as well as hermetic sealing for reli-
ability of the laser diode.

Beam Transmitters and Modules Based on Surface
Emitters

[0089] Reference is now made to FIGS. 11A-C, which
schematically illustrate a beam transmitter 170, in accor-
dance with an embodiment of the present invention. FIG.
11A is a side view of the entire beam transmitter, while
FIGS. 11B and 11C are side and rear views, respectively, of
a beam generator 172 that is used in transmitter 170.
Transmitter 170 is suited particularly for use in optoelec-
tronic modules that may be integrated in an optical scanning
head of the type described above, and modules of this sort
are described further hereinbelow. Transmitters of this type,
however, may also be used in other applications in which a
compact source is required to generate an intense, well-
controlled output beam.

[0090] Beam generator 172 comprises an array of surface-
emitting devices 178, such as vertical-cavity surface-emit-
ting lasers (VCSELs). The beams emitted by devices 178 are
collected by a corresponding array of microlenses 176,
which direct the beams toward a collimation lens 175.
Devices 178 and microlenses 176 may conveniently be
formed on opposing faces of a transparent optical substrate
180, such as a suitable semiconductor wafer, such as a GaAs
wafer. (GaAs has an optical passband that begins at about
900 nm, i.e., it is transparent at wavelengths longer than
about 900 nm, and will thus pass the radiation at such
wavelengths that is emitted by devices 178 on the back side
of substrate 180.) The thickness of substrate 180 is typically
about 0.5 mm, although smaller or larger dimensions may
alternatively be used. As shown most clearly in FIG. 11C,
the locations of devices 178 are offset inwardly relative to
the centers of the corresponding microlenses 176, thus
giving rise to an angular spread between the individual
beams transmitted by the microlenses.

[0091] FIG. 11D is a schematic side view of a beam
generator 182, in accordance with an alternative embodi-
ment of the present invention. In this embodiment, surface
emitting devices 178 are formed on the front side of a
substrate 183, which may be connected to an underlying
substrate by wire bonds 185. Microlenses 176 are formed on
a separate transparent blank 184, such as a glass blank,
which is then aligned with and glued over devices 178 on
substrate 183. The design of beam generator 182 is thus
appropriate when devices 178 are designed to emit at shorter
wavelengths, to which the substrate is not transparent. For
reasons of optical design and heat dissipation, substrate 183
and blank 184 are each typically about 0.25 mm thick,
although other dimensions may similarly be used.

[0092] FIGS. 12A-C schematically illustrate a beam trans-
mitter 186, in accordance with another embodiment of the
present invention. Again, FIG. 12A is a schematic side view
of the entire beam transmitter, while FIGS. 12B and 12C are
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schematic side and rear views, respectively, of a beam
generator 188 that is used in transmitter 186. Beam genera-
tor 188 differs from beam generator 172 in that the locations
of devices 178 in beam generator 188 are offset outwardly
relative to the centers of the corresponding microlenses 176,
as shown in FIG. 12C. As a result, the individual beams
transmitted by microlenses 176 converge to a focal waist,
before again spreading apart, as shown in FIG. 12A.
[0093] Surface-emitting devices 178 in beam transmitters
170 and 186 may be driven individually or in predefined
groups in order to change the characteristics of the beam that
is output by lens 175. For example, all of devices 178 may
be driven together to give a large-diameter, intense beam, or
only the center device alone or the central group of seven
devices together may be driven to give smaller-diameter,
less intense beams. Although FIGS. 11C and 12C show a
particular hexagonal arrangement of the array of surface-
emitting devices, other arrangements, with larger or smaller
numbers of devices, in hexagonal or other sorts of geometri-
cal arrangements, may alternatively be used.

[0094] FIG. 13 is a schematic side view of an optoelec-
tronic module 190 that incorporates beam generator 172
(FIGS. 11B/C), in accordance with an embodiment of the
present invention. This module, as well as the alternative
modules that are shown in FIGS. 14 and 15, may be used in
conjunction with a scanning mirror and other components in
producing the sorts of optical scanning heads that are
described above. The modules of FIGS. 13-15 may alterna-
tively be used in other applications requiring a compact
optical transmitter and receiver with coaxial transmitted and
received beams.

[0095] In module 190, beam generator 172 (as illustrated
in FIGS. 11B/C) is mounted on a micro-optical substrate
192, such as a SiOB, along with a receiver 194, which
contains a suitable detector, such as an APD, for example, as
described above. A beam combiner 196 combines the trans-
mitted and received beams, which pass through lens 175
toward the scanning mirror (not shown in FIGS. 13-15).
Beam combiner 196 in this embodiment comprises a glass
plate, with an external reflective coating 198 over most of its
surface, other than where the transmitted and reflected
beams enter and exit the plate. The beam transmitted by
beam generator 172 enters the beam combiner through a
beamsplitter coating 200, which may be polarization-depen-
dent, as explained above, and exits through a front window
202, which may be anti-reflection coated.

[0096] The received beam collected by lens 175 enters
beam combiner 196 through window 202, reflects internally
from beamsplitter coating 200 and reflective coating 198,
and then exits through a rear window 204 toward receiver
194. The thickness of the beam combiner plate is chosen to
give the desired optical path length (which is longer than the
back focal length of lens 175 would be otherwise). To reduce
the amount of stray light reaching the receiver, window 204
may be located at the focus of lens 175 and thus can be made
as small as possible. Window 204 (as well as window 202)
may have a narrowband filter coating, so that ambient light
that is outside the emission band of beam generator 172 is
excluded.

[0097] FIG. 14 is a schematic side view of an optoelec-
tronic module 210 that incorporates beam generator 188
(FIGS. 12B/C), in accordance with another embodiment of
the present invention. A beam combiner 212 in this case
comprises a glass plate with a reflective coating 214 to fold
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the beam transmitted by beam generator 188 and a beam-
splitter coating 216 where the transmitted and received
beams are combined at the rear surface of the glass plate.
Beamsplitter coating 216 may also be overlaid or otherwise
combined with a narrowband filter on the path to receiver
194, as in the preceding embodiment. The thickness of beam
combiner 212 in this embodiment is chosen to give the
desired path length of the beam transmitted by beam gen-
erator 188, which has a focal waist inside the beam com-
biner.

[0098] Although in FIG. 14 the transmitted and received
beams have roughly equal apertures, the aperture of the
transmitted beam may alternatively be made smaller than
that of the received beam. In this latter case, the diameter of
beamsplitter coating 216 need be no larger than the trans-
mitted beam aperture. Outside this aperture, the glass plate
may have a reflective coating, so that the received beam can
reach receiver 194 without loss of energy due to the beam-
splitter.

[0099] FIG. 15 is a schematic side view of an optoelec-
tronic module 220 that incorporates beam generator 188, in
accordance with yet another embodiment of the present
invention. In this embodiment, a bifocal lens 220 has a
central zone that collects and collimates a beam 230 trans-
mitted by beam generator 188, with a relatively small
aperture and a short focal length. The peripheral zone of lens
220 collects and focuses a beam 232 onto receiver 194 with
a larger aperture and longer focal length. Thus, the area of
lens 220, and concomitantly the area of the scanning mirror,
is divided into a small, central transmit zone and a larger,
surrounding receive zone.

[0100] A beam combiner 224 used in this embodiment has
a front window 226 that is large enough to accommodate
beam 232, but a much smaller window 228 in reflective
coating 198 on the rear side. Window 228 need only be large
enough to accommodate the narrow beam transmitted by
beam generator 188. Consequently, most of the energy in
beam 232 is reflected inside the beam combiner by reflective
coating 198 and reaches receiver 194 via rear window 204
(which may be made small and coated with a narrowband
coating, as described above). There is no need for a beam-
splitter coating in this embodiment, and beam generator 188
may therefore comprise unpolarized, multimode surface-
emitting devices.

ALTERNATIVE EMBODIMENTS

[0101] Although the embodiments described above use a
single detector element (such as an APD) to detect scanned
light that is returned from the scene, other sorts of detector
configurations may alternatively be used. For example, a
linear array of photodetectors may be used for this purpose,
in which case the mirror used in collecting light from the
scene need scan in only a single direction, perpendicular to
the axis of the array. This same one-dimensional scanning
mirror can be used to project a line of laser radiation onto the
instantaneous field of view of the detector array. Such a
system is also capable of zoom functionality, which can be
achieved on one axis by changing the scan pattern and
amplitude along the one-dimensional scan.

[0102] As another alternative, a 2D matrix of photodetec-
tors with a stationary collection lens may be used to collect
scanned light from the scene, covering the entire field of
view so that no mechanical scanning of the receiver is
needed. The transmitting laser is still scanned in two dimen-
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sions using a MEMS mirror, for example. The pixel posi-
tions in the resulting depth map are determined by the high
precision of the scan, rather than the relatively lower reso-
Iution of the detector matrix. This approach has the advan-
tages that alignment is easy (since the detector matrix is
stationary); the scanning mirror can be small since it is not
used to collect light, only to project the laser; and the
collection aperture can be large. For example, using a
collection lens of 6 mm focal length and detectors with a
pitch of 0.1 mm, the field of view of each detector is
approximately 1°. Thus, 60x60 detectors are needed for a
60° field of view. The resolution, as determined by the scan
accuracy, however, can reach 1000x1000 points.

[0103] Another variant of this scheme may use multiple
beams (created, for example, by a beamsplitter in the optical
path of the transmitted beam after it reflects from the MEMS
mirror). These beams create simultaneous readings on dif-
ferent detectors in the matrix, thus enabling simultaneous
acquisition of several depth regions and points. It is desir-
able for this purpose that the beams themselves not overlap
and be far enough apart in angular space so as not to overlap
on any single element of the matrix.

[0104] More generally, although each of the different
optoelectronic modules and other system components
described above has certain particular features, this descrip-
tion is not meant to limit the particular features to the
specific embodiments with respect to which the features are
described. Those skilled in the art will be capable of
combining features from two or more of the above embodi-
ments in order to create other systems and modules with
different combinations of the features described above. All
such combinations are considered to be within the scope of
the present invention.

[0105] It will thus be appreciated that the embodiments
described above are cited by way of example, and that the
present invention is not limited to what has been particularly
shown and described hereinabove. Rather, the scope of the
present invention includes both combinations and subcom-
binations of the various features described hereinabove, as
well as variations and modifications thereof which would
occur to persons skilled in the art upon reading the foregoing
description and which are not disclosed in the prior art.

1. Mapping apparatus, comprising:

a transmitter, which is configured to emit at least one
beam comprising a sequence of pulses of light toward
a plurality of points in a scene;

a receiver, which is configured to receive the light
reflected from the scene and to generate an output
indicative of a time of flight of the pulses to and from
the points in the scene; and

a processor, which is coupled to process the output of the
receiver so as to generate a 3D map of the scene, while
controlling a power level of the pulses emitted by the
transmitter responsively to a level of the output from
the receiver in response to one or more previous pulses.

2. The apparatus according to claim 1, wherein the

processor is configured to control the power level of the
pulses so as to reduce variations in an intensity of the
reflected light that is received from different parts of the
scene.

3. The apparatus according to claim 1, wherein the one or

more previous pulses comprise scout pulses emitted by the
transmitter in order to assess and adjust the power level.
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4. The apparatus according to claim 3, wherein the power
level of the scout pulses transmitted toward at least some of
the points in the scene is lower than the power level of the
pulses transmitted toward the at least some of the points in
order to generate the output indicative of the time of flight.

5. The apparatus according to claim 1, wherein the
transmitter comprises a laser.

6. The apparatus according to claim 1, wherein the
processor is configured to set the power level at each of the
plurality of points in the scene based on the level of the
output due to the one or more previous pulses that were
transmitted toward the same point.

7. The apparatus according to claim 1, and comprising a
scanner, which is configured to scan the at least one beam
over the plurality of the points in the scene, so that the pulses
are incident on successive, neighboring points along a scan
path.

8. The apparatus according to claim 7, wherein the
processor is configured to set the power level at each of the
plurality of points based on the level of the output due to a
previous pulse that was transmitted toward a different,
preceding point on the scan path.

9. The apparatus according to claim 7, wherein the
receiver comprises a detector, which is configured to receive
the light reflected from the scene via the scanner.

10. The apparatus according to claim 9, and comprising a
beamsplitter, which is positioned so as to direct the at least
one beam emitted by the transmitter toward the scanner,
while permitting the reflected light to reach the detector,
wherein the at least one emitted beam and the reflected light
have respective optical axes, which are parallel between the
beamsplitter and the scanner.

11. The apparatus according to claim 7, wherein the
processor is coupled to control the scanner so as to cause the
at least one beam to scan over a selected window within the
scan range and to process the output of the receiver so as to
generate the 3D map of a part of the scene that is within the
selected window.

12. The apparatus according to claim 11, wherein the
processor is configured to select a different window to scan
in each scan of the at least one beam.

13. The apparatus according to claim 1, wherein the
receiver comprises a two-dimensional matrix of photode-
tectors with a stationary collection lens.
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14. The apparatus according to claim 1, wherein the at
least one beam comprises multiple beams emitted simulta-
neously by the transmitter.
15. A method for mapping, comprising:
directing at least one beam comprising a sequence of
pulses of light toward a plurality of points in a scene;

receiving the light reflected from the scene and generating
an output indicative of a time of flight of the pulses to
and from the points in the scene;

processing the output so as to generate a 3D map of the

scene; and

controlling a power level of the pulses emitted by the

transmitter responsively to a level of the output in
response to one or more previous pulses.

16. The method according to claim 15, wherein the power
level of the pulses is controlled so as to reduce variations in
an intensity of the reflected light that is received from
different parts of the scene.

17. The method according to claim 15, wherein the one or
more previous pulses comprise scout pulses emitted in order
to assess and adjust the power level.

18. The method according to claim 17, wherein the power
level of the scout pulses transmitted toward at least some of
the points in the scene is lower than the power level of the
pulses transmitted toward the at least some of the points in
order to generate the output indicative of the time of flight.

19. The method according to claim 15, wherein control-
ling the power level comprises setting the power level at
each of the plurality of points in the scene based on the level
of the output due to the one or more previous pulses that
were transmitted toward the same point.

20. The method according to claim 15, wherein directing
the at least one beam comprises the at least one beam over
the plurality of the points in the scene, so that the pulses are
incident on successive, neighboring points along a scan path,
and

wherein controlling the power level comprises setting the

power level at each of the plurality of points based on
the level of the output due to a previous pulse that was
transmitted toward a different, preceding on the scan
path.



